The photocatalytic oxidation of methylene blue (MB) in aqueous media is explored using nanoscale ZnO nanoparticles (ZnO NPs) for maximal dye removal within the high-surface-area nanoparticle photocatalyst. The operating parameters such as illumination time, initial MB load, ZnO NP dose, solution flow rate and pH were examined. The experimental results revealed the alkaline pH (12.0) corresponding to the higher oxidation rate within only 20 min of reaction time; however, increasing the initial MB load decreased the reaction rate at the optimum circulation flow rate of 460 mL/min and ZnO NP dose of 0.4 g. Additionally, for providing maximum performance, the interaction between the most effective independent parameters (ZnO NP dose, flow rate, and initial pH) were explored using Box-Behnken experimental design based on the response surface methodology. The results showed a good fitness of the model (R 2 = 96.86%) with the experimental data. The optimum values were recorded after 20 min of reaction time with the values: 0.45 g/L for ZnO NP dose, 370 mL/min for flow rate and pH 11, showing a 94% maximum dye removal compared to 92% using manual optimization. Finally, the kinetic models were applied and the data were described by second-order kinetic model.
Introduction
As a result of industrialization, water recourses are polluted from several industrial streams. Textile industry, among several other industries, is considered a major source of dye-polluted wastewater, producing a huge amount of dyecontaining wastewater. Discharging such dyes to the environment causes a massive deterioration to human and aquatic system. Dyes are considered one of the most problematic groups of pollutants because they can be easily identified by the human eyes once they are released to the water bodies but are not easily removed. Furthermore, most synthetic dyes are properly non-degradable even with sunlight (Mogharabi et al. 2012) . Additionally, most of them are dangerous (Gupta et al. 2011; Saleh and Gupta 2012; Saravanan et al. 2013a , Sareen et al. 2014 Ghaedi et al. 2015) . Recently, there has been an increase in public awareness and concern regarding environmental pollution. Most organic chemicals and pathogens, which are present in aqueous waste effluents discharged from industrial or domestic sources, should essentially be treated or removed prior to the final discharge to the watercourses. Hence, a promising treatment technique is required to overcome such challenge for a safe disposal. Oxidation of such dyes from aqueous industrial discharges is considered a difficult technique since dyes show resistance to various oxidants, chemicals, UV light and heat besides being non-biodegradable (Kargi and Ozmıhc 2004; Akar et al. 2006; Gupta et al. 2011; Saleh and Gupta 2012; Sareen et al. 2014; Tony and Bedri 2014; Saravanan et al. 2015a) .
Conventionally, various techniques were applied for wastewater treatment such as coagulation, reverse osmosis, biological treatment techniques and adsorption methods (Beydoun et al. 1999; Ashour et al. 2014; Tony et al. 2018) . However, those methods are not widely recommended as they are expensive, transferring the pollutants phase, or they are not effective with high organic loads (Rahman et al. 2009; Tony and Mansour 2019) . For example, low-cost techniques, which are confirmed to be efficient as adsorption by activated carbon, are producing large quantities of solid wastes, which need further disposal, therefore adding to the environmental threats. However, the other sufficiently promising methods are not economically effective (Azbar et al. 2004; Tony et al. 2016) . Thus, it is crucial to explore a novel alternative treatment technique that is more efficient in removing dye-water streams.
Recently, advanced oxidation processes, AOPs, have been emerged as promising techniques for wastewater treatment (Saravanan et al. 2015b ). These processes are mainly dependent on highly reactive hydroxyl radicals ( ⋅ OH ); those radicals are effective on initiating the oxidation of the organic pollutants and then mineralizing them. The complete removal of pollutants leads to harmless end products, CO 2− and H 2 O (Sobczynski and Dobosz 2001; Saravanan et al. 2013d; Ashour et al. 2014; Azbar et al. 2004; Tony et al. 2016) . AOPs include several photocatalytic techniques such as the combination between a semiconductor (ZnO, TiO 2 ) and UV-induced light (Legrini et al. 1993; Daneshvar et al. 2004) . Semiconductor photocatalysis techniques are recently established as AOPs and can be used to oxidize dyes conveniently (Sobczynski and Dobosz 2001) . Compared to other purification techniques, photocatalytic oxidation is an economic method that can oxidize various complex organic pollutants (Daneshvar et al. 2004; Tony et al. 2011 ). Moreover, when the semiconductor-based materials are used as photocatalysts, a complete oxidation is secured with environmentally friendly products, without generation of dangerous waste by-products. Besides, other advantages of photoactivated semiconductors are: its activity, reusability and being easily generated (Dieckmann and Gray 1998; Saravanan et al. 2013b Saravanan et al. , c, 2014 Rajendran et al. 2016) . Additionally, according to the literature, ZnO has been suggested to be more effective than TiO 2 as it absorbs large fraction of UV illumination and absorbs more light quanta (Lee and Abd Hamid 2015) . In recent years, nanoscale semiconductor photocatalytic materials are gaining more attention because of their physical and chemical properties besides their high catalytic efficiency (Zhao and Zhang 2008) .
The major reaction of the semiconductor photocatalytic dye oxidation is based on the production of an electron-hole pair on of the semiconductor surface after it is initiated by the UV light according to the following equation (Jeni and Kanmani 2011): ( 2 can afterward react with the dye in the aqueous solution to produce other species which are responsible of the dye oxidation (Jeni and Kanmani 2011) .
A statistical method usually called the response surface methodology (RSM), as a dominant factorial experimental design tool, has been applied to optimize the performance of a multi-variable system that might affect the response. Several authors (Suarez-Escobar et al. 2006; Duc 2014; Elboughdiri et al. 2015) have applied the RSM in the wastewater treatment to evaluate the dependent variables as a function of their independent factors or response.
The present investigation handles the treatment of methylene blue dye (MB) wastewater treatment by ZnO NPs as a source of photocatalytic oxidation, the process parameters are studied, and a statistical optimization is conducted based on Box-Behnken design method. Furthermore, the kinetics of the photocatalytic reaction is produced.
Materials and methods

Materials
Wastewater
A simulated dyestuff wastewater is prepared by using Methylene blue (MB) dye which is commonly used in industry as a colorant for cotton, silk and wool (Rafatullah et al. 2010) . MB has the formula: C 16 H 18 N 3 SCl•3H 2 O. It is supplied by Ciba Giegy and used as received.
Nanostructured photocatalyst
ZnO NPs with particle size < 100 nm are used as photocatalyst for the catalytic oxidation of the pollutant, Methylene blue dye (MB), in the synthetic wastewater. The catalyst is prepared and supplied by Centre of Nanotechnology Lab, Faculty of Postgraduate Studies for Advanced Sciences, Beni-Suef University, Egypt.
X-ray diffraction (XRD) was conducted with X'Pert Pro PANalytical X-ray diffractometer apparatus supplied with a X'Pert High Score software with an X-ray wavelength of λ = 1.5406 Å, which is operated at a 40 kV voltage and a 40 mA current. The diffracted intensities were recorded using a step scan with a step size of 0.01 2θ which ranged from 10 to 80°. Then, the crystallite ZnO nanoparticle size (Dp = 62 nm) was estimated via Scherrer's equation, from the XRD dominating peak (Eq. 2), where β is the full width at half maximum intensity of the peak and θ is the diffraction angle (Bindu and Thomas 2014) .
Experimental methodology
The experimental setup is conducted using a UV tubular reactor in which a UV lamp is used as the source of the photo-oxidation of the wastewater streams. The UV lamp is 10 cm in diameter and 40 cm long. It has a wavelength of 400 nm and 15 watts. A pump is used for circulating the polluted water. It is a peristaltic (dosing) pump, supplied by Cole Parmer Instrument Company System, Model No 7521-10. A magnetic stirrer is used to ensure good mixing of ZnO NPs with the polluted water. Hydrochloric acid and sodium hydroxide in analytical grade are used for the initial pH adjustment using a digital pH meter (model type pH2005). The experimental treatment steps are illustrated in Fig. 1 .
After different time intervals, the samples are centrifuged (TDL 16B centrifuge type) to separate the NPs from the solution before the dye color removal is measured with a spectrophotometer (PG Instruments LTD, Model T80).
Box-Behnken design
Factorial experimental design is applied to optimize the performance and the operating parameters for the Methylene blue dye removal efficiency. RSM (response surface methodology) designs estimate the interaction and even quadratic effects, in order to locate the accurate optimum values. Hence, they illustrates the shape of the response surface under exploration.
Box-Behnken design is having the maximum efficiency for a RSM problem involving three factors, i.e. ZnO NP dose, pH and the solution flow rate and their three levels. Thus, the number of runs required is less compared to other (2) Dp = 0.94 ∕ cos designs such as a central composite design. As regards the measured response, we retained the amount adsorbed by removal of the dye (expressed in %) after 20 min of economic reaction time (see Fig. 2 ). According to the preliminary trials, the process parameters and its levels are given in Table 1 .
In the RSM optimization process, the response (ƒ = % dye removal) can be related to the chosen variables by a secondorder polynomial model given by the following Eq. (3) (Saggioro et al. 2011; Bindu and Thomas 2014) : where f is the response of the predicted dye removal rate (%); i = 1, 2, 3 and j = 1, 2, 3; βo, βi, βii and βij are the model regression coefficient parameters, while X i is the input coded variable. The natural variables of the operating system (€ i ) are transferred to coded variables (X i ) according to Eq. 4 (Bindu and Thomas 2014; Tony et al. 2016 ). In addition, statistical analysis was conducted using the Statistical Analysis System (SAS) software (Montgomery 1991) ; thereafter, the data were analyzed by the analysis of variance (ANOVA) using SAS software. The response surface model is considered significant when the probability (p value) is lower than 0.05 (SAS 1990) . The optimal values of the process (ZnO NP dose, pH and the aqueous solution flow rate) are estimated by the three-dimensional (3-D) response surface investigation and their dependent response and illustrated using MATLAB 7.0 software. Figure 2 shows the effect of the UV illumination time of irradiation on the photocatalytic degradation of 5 mg/L MB dye. Two sets of experiments were done: The first experiment is conducted in the presence of 0.4 g/L of ZnO NPs (at pH 12 and 460 mL/min flow rate) under UV irradiation, while the other one is conducted with the exposure to UV irradiation only. After an irradiation time of 90 min, the results revealed that the degradation reached to 97% in the presence of ZnO NPs. However, it is recorded 26% in the UV illumination solely. It is clear from Fig. 2 that the degradation becomes slow after almost 20 min of irradiation time. This result could be attributed to the presence of ZnO NPs which play an important role in the catalytic oxidation compared to the solo systems. Thus, the bonds in the MB dye are easily broken in the presence of ZnO NP catalyst which oxidizes the dye molecules either by the holes in the catalyst surface or by hydroxyl radicals (Saggioro et al. 2011; Tony and Mansour 2019) .
Results and discussion
Methylene blue degradation: preliminary investigation
Comparison of solo UV illumination and UV-ZnO NPs
Effect of initial MB concentration
Experiments are implemented at different initial dye concentrations of 5-50 mg/L, 0.4 g/L ZnO NPs and at a pH value of 12, taking flow rate 460 mL/min as a constant value for 90-min reaction time. Results are shown in Fig. 3 and (4) X i = ( i ) − (it upper limit + its lower limit)∕2 (it upper limit − its lower limit)∕2
revealed that the MB oxidation is fast and complete in the low dye concentrations ranging from 5 to 15 mg/L, with percentage dye removal of 97 and 79% for 5 and 15 ppm dye concentrations, respectively. At higher concentrations, more than 15 ppm, the removal efficiency becomes slower: only 49 and 25% for initial dye concentrations of 30 and 50 mg/L, respectively. Thus, this means that the process is fairly good for the initial dye concentration ranging from 5 to 15 mg/L. It is clearly shown in Fig. 3 that the dye oxidation is higher at the initial contact time followed by a decrease in the reaction rate. This finding agrees with the results of (Chakrabarti and Dutta 2004) . This is explained by the fact that as the initial MB dye concentration is increased, the adsorbed MB dye molecules on the surface of ZnO NPs increase, and subsequently the active sites of the catalyst are occupied by dyes, and thus, the degradation efficiency decreases as the activity of active surface of the ZnO NPs decreased. This is due to the reduction in the hydroxyl radicals after the initial time which is mainly responsible for the reaction. However, the reduction due to the UV light could not be neglected, since in the high dye concentration the color deepness prevents the UV light penetration to the dye solution (Saggioro et al. 2011 ).
Effect of ZnO NP dose
A test was run for the decolorization of MB dye solution at various ZnO NP dosage; 0.1-0.4 g/L, at 5 mg/L MB, pH 12 and 460 mL/min flow rate. Experiments conducted with various concentrations of ZnO NPs presented that the photodegradation reaction efficiency increases with the increase in the ZnO NP concentration. Examination of results (Fig. 4) indicates that the highest oxidation rate (97.6%) is obtained when using catalyst concentration 0.4 g/L. This is followed by 96.0, 94.6 and 91.86% for catalyst concentrations 0.3, 0.2 and 0.1 g/L, respectively. These findings can be illustrated in terms of the active sites available on the surface of ZnO NPs. Thus, the total available active surface area increases with increasing the ZnO NPs. This is previously described by Goncalves et al. (1999) in the treatment of azo dye using TiO 2 .
Effect of flow rate
To investigate the most suitable flow rate for the photocatalytic oxidation of MB dye on the ZnO NPs, series of sets of experiments were conducted at different flow rates ranged from 150 to 750 mL/min, while operating at the same initial MB dye concentration (5 mg/L) using the same catalyst dose (0.4 g/L). The % removal of the dye is observed to increase by increasing the flow rate up to 460 mL/min. Conversely, further increase in the flow rate decreases the % removal of the dye from 97% (for 460 mL/min) to 20% for 750 mL/min. Hence, a flow rate of 460 mL/min has been set for further studies.
Consideration of the data in Fig. 5 shows the optimum flow rate is related to the exposure time to the UV radiation. Thus, the dye removal increases when more OH radicals are produced. This could be attributed by the increase in organics conversion in the wastewater. However, at a higher flow rate rather than the optimum, the hydraulic retention time is reduced and the result is a reduction in the UV exposure time (Tony et al. 2015) . Therefore, a reduction in the overall OH radicals produced. Thus, the dye oxidation rate is reduced. This observation is in accordance with previous observations concerning the sour wastewater phototreatment under photo-Fenton's reagent under artificial UV light (Sareen et al. 2014 ).
Effect of initial pH value
The effect of pH value is considered an effective parameter especially on those reactions that are taking place on the surface of particulate solids, as in the case of ZnO NPs photocatalysis. The value of pH has its effect on the MB dye molecules adsorption on the ZnO NPs surface. Experiments were run on two different dye solutions concentrations of 5 and 50 mg/L in order to check the effect of pH at various values in acidic, neutral and alkaline media, i.e., 3, 7 and 12 pH values. However, the other operating conditions are kept constant (0.4 g/L ZnO NPs and 460 mL/min flow rate).
It is observed from the results shown in Fig. 6 that rate of photo-oxidation is higher in the alkaline medium (pH 12), with degradation rates of 97% and 25% for initial MB concentrations of 5 and 50 mg/L, respectively. The same trend is remarked when testing both high and low initial dye concentrations, i.e., the acidic pH is unfavorable as the oxidation rate is only 62% and 17%, for initial MB concentrations of 5 and 50 mg/L, respectively. This attitude of the results agrees with the previous work of Gajbhiye (2012) . Since the photocatalytic oxidation of MB occurs in the ZnO NPs surface which is affected by the solution pH. The catalyst behavior can be illustrated by the charge density on ZnO NPs surface, which prevails in alkaline medium which increases the OH radicals production (El Haddad et al. 2014) .
Statistical optimization of the operating parameters
Initially, Box-Behnken design was chosen and experiments design according to Table 2 was conducted and the relevant results are shown in Table 2 , which lists the % of the dye removal, for initial dye concentration of 10 mg/L and 20 min of reaction time. Those results are further analyzed using SAS software. The correlation between the controllable factor (% dye removal) and three important operating parameters (ZnO NP dosage, pH and flow rate) for the dye wastewater treatment is investigated. The significance of the model becomes clear when it shows a good fit between the theoretical and experimental data.
A Box-Behnken design shown in Table 2 lets the exploration of the second-order model expressed in a mathematical is evaluated as a second-order function of ZnO NP dosage (X 1 ), pH (X 2 ) and flow rate (X 3 ) and assessed as the sum of a constant, three coefficients of first-order (terms in X 1 , X 2 and X 3 ), three coefficients of interaction (X 1 X 2 ), (X 1 X 3 ) and (X 2 X 3 ) and the three coefficients of the second order (X 1 2 , X 2 2 and X 3 2 ) as illustrated in Eq. (3).
A descriptive statistical analysis of variance (ANOVA) such as the probability (p value), Fisher's (F value) and R 2 is used to check the fitness of the model. A t test is used for analyzing all model terms, and any term found to be insignificant at a p value 0.05 was excluded from the model which is determined by Fisher's F test and probability > F values. As given in Table 3 , the p value of the model is 0.003, and since this model describes about 96% of the data variability, it could be concluded that the model is highly significant. The experimental values and the predicted data attained by E (5) are illustrated in Fig. 7 . It is proposed that the suggested model is suitable for predicting the dye removal, revealing a good fit.
MATLAB 7.11.0 software was used to produce the graphical representation of the polynomial equation (Eq. 5), and the three-dimensional (3-D) surface and two-dimensional (2-D) contour plots are given in Fig. 8 . In such a plot, the polynomial equation allowed the 3-D representation of the dye removal when one of the studied variables is fixed. As seen from Fig. 8 (a, b and c) , the reaction parameters, ZnO dose, pH and flow rate values, have a positive or negative effect on the % removal of dye. The polynomial equation (Eq. 5) permits to show the 3-D surface and the 2-D contour plots and the three-dimensional representation of the investigation (Fig. 8) . MATLAB 7.11.0 software was used to draw this graphical representation. As shown in Fig. 8a , the maximum removal rate was predicted when the ZnO dosage was increased. However, at higher ZnO concentrations, the removal efficiency was negatively affected. Thus, the excess increase in ZnO NPs does not grantee a continuous increase in the dye removal rate. Similarly, the increase in pH value is viewed as a pronounced effect on the efficiency of the dye removal rate until a certain limit. Thus the optimal values for ZnO NP dosage and pH value for each process should be obtained. The data in Fig. 8b plot show the interaction between the ZnO NP dosage and the aqueous solution flow rate performing a positive enhancement in the removal rate. Figure 8c shows that increase in the pH value increases and the flow rate improves the dye removal efficiency; however, after a certain point, the removal rate decreased. Thus, ZnO NP dosage and pH together with the flow rate of the solution should be in optimal values to maximize the dye removal rate.
Response surface analysis and Mathematical software (V 5.2., Wolfram research Inc.) were applied to locate the optimum operating variables conditions of rate of MB dye removal. The maximum % dye removal is 94% (f), while the optimum operating their natural values are: 0.45 mg/L, 11 and 370, L/min, for ZnO dosage, pH and flow rate, respectively.
To verify the model's adequacy for the maximum response predicted value (% dye removal), a further three replicate experiments were conducted at the optimum conditions levels obtained from the model. A good agreement represented between the predictive (94%) and experimental response (93.9%) values satisfies a high validity of this model.
Comparison of MB dye oxidation during the current investigation and the results stated previously in the literature at the optimum operating conditions are given in Table 4 . Noticeably, superior oxidation efficiency is given through ZnO-based oxidation process compared with other AOPs. However, solo ZnO oxidation gives 94% compared to 99% for using ZnO in a composite such as ZnO/CuO/UV and ZnO/Hg/UV processes. It should be mentioned that a 94% removal for the solo ZnO system is reasonable compared with the higher efficiencies in using combined catalysts including ZnO.
Kinetic studies of MB oxidation
The photo-oxidation kinetics of MB by ZnO NPs were investigated for different times and various initial MB concentrations (5, 10, 15, 30 and 50 mg/L). Previously, kinetic models are established to describe the oxidation reactions. Therefore, the already-mentioned kinetic models occurred by first-and second-order kinetics are expressed by the following equations: Eq. (6) for first order (Bounab et al. 2015) and Eq. (7) for second order (El Haddad et al. 2014) : where C is the MB concentration, C t is the MB concentration at the reaction time t, C o is the initial MB concentration and k 1 and k 2 represent the kinetic rate constants of the first-order reaction kinetic and second-order reaction kinetic, respectively. Equations (5, 6) are plotted in Fig. 9a , b, and the results fitted with the two orders of reaction obtained are shown in Fig. 9 and Table 4 , clearly indicated from comparing the regression coefficient values for the three models that the reaction follows a pseudo-second-order of reaction, as the highest R 2 values are for the second-order one. Furthermore, the second kinetic reaction constant, k 2 , (which is calculated from the slope of the plot in Fig. 9b ) is notably affected by the initial MB concentration, decreasing Saravanan et al. (2013c) with increasing the initial MB dye concentration which is decreased from 0.0968 to 7 × 10 −5 L mg −1 min −1 . However, at higher dye concentration with reduced R 2 values, the reaction does not follow the second-order kinetics. This assumes the reaction rate is doubled at higher concentration (Soustelle 2013 ). This result verified that, at higher concentrations, the number of dye molecules in water is increased much higher than the • OH species which is responsible of the photocatalytic oxidation (Xu and Lu 2013) . Consequently, the removal rate of the dye is decreased from 97% to only 25%.
The time needed for the reactant to be decreased to half of its quantity in comparison with its initial concentration is called the half-life of a reaction, t 1/2 (Pollard and Cruz 2013). The calculated half-life time (shown in Table 5 ) is affected by the initial MB concentration increase. It is observed that the half-life time is increased with increasing the initial concentration. Ultimately, it is concluded that the Methylene blue removal by ZnO NPs is following the second-order reaction model. Samet et al. (2012) previously described the treatment of insecticide in wastewater, El Haddad et al. (2014) and Youssef et al. (2016) in the treatment of dyed wastewater using Fenton's reagent as a photocatalyst by the secondorder reaction model. However, on the contrary, Bounab et al. (2015) found that the reaction follows the first-order kinetics on the treatment of m-cresol, using iron-loaded activated carbon.
Conclusion
Photocatalytic oxidation of MB in aqueous streams was investigated using ZnO NPs. Different experimental condition parameters, including UV illumination time, initial MB dye concentration, ZnO NP dosage, pH and flow rate of the aqueous solution, change of dye concentration and different pH values of solutions, were evaluated. A suitable operating condition was selected after the statistical optimization techniques was applied for the three most effective parameters on the process, based on the Box-Behnken experimental design as: 0.45 mg/L ZnO NPs, pH 11 and flow rate 370 mL/ min within only 20 min of reaction time and maximizing the removal rate which reaches 94% within 20 min. The kinetic investigation suggested that the photodegradation kinetics of MB followed the second-order kinetics.
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